Optical whispering gallery mode resonators are important platforms to enhance and study various nonlinear frequency conversion processes. Stimulated Brillouin scattering is one of the strongest nonlinear effects, and can be successfully investigated using these platforms. In this article, we study the phenomenon of stimulated Brillouin scattering using a crystalline disk resonator. A fast scanning ringdown spectroscopy technique is used to characterize the optical modes featuring quality factors of the order of one billion at telecom wavelengths. The mW scale threshold power in a centimeter disk resonator is observed and found to be strongly dependent on the gap between the resonator and the prism coupler.
Introduction
Stimulated Brillouin Scattering (SBS) has been the focus of strong interest in the past decades. It is an inelastic scattering that results from the interaction between light and acoustic waves. The acoustic wave can be produced by an intense pump laser through electrostriction. Above a threshold power, the reflected Doppler down-shift Stokes signal becomes significant and in turn strengthens the density wave. The experimental observation of SBS was first observed with the assistance of the laser pump in 1964 [1] . SBS is one of the strongest nonlinear optical effects. It has very useful application in many fields such as sensors, [2, 3] narrow linewidth lasers, [4, 5] slow and fast light, [6, 7] light storage, [8] high resolution optical spectrometry [9, 10] and microwave signal processing [11, 12] . The harnessing of this effect includes the choice of proper materials for both light and acoustic waves and the optical enhancement structure. Optical fibers with the ability of confining light in a small mode area and a long distance have been successfully used to enhance and study the SBS processes. SBS has thus been demonstrated in traditional fibers, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] photonics crystal fibers [13] and sub-wavelength microfibers [14] . On-chip optical waveguides are also very promising platforms for integrated solutions to harvest the SBS effect [15] [16] [17] . Based on these two waveguide structures, SBS on silica, silicon and chalcogenide with different gain profiles have been studied. However, to explore SBS effects in crystalline materials with low gain coefficient is challenging, which comes from the fact that the traditional fiber fabrication technique doesn't apply on crystals. Nevertheless, optical resonator structures such as whispering gallery mode (WGM) optical resonators can strongly enhance SBS in these materials and have become a solution.
A WGM resonator confines light through successive total internal reflections in an axisymmetric geometry. It can feature optical modes with very small mode volumes and ultrahigh quality (Q) factors. Such characteristics have made it a very suitable platform for investigating various nonlinear optical processes. Stimulated Raman, Brillouin scattering, third harmonic generation and four-wave mixing have been successfully demonstrated in WGM resonators made of fused silica in the past decade [18] [19] [20] [21] [22] . Potential applications of silica WGM resonator based SBS ranging from Brillouin cooling, [23] microwave synthesizer, [24] low-noise laser, [25] light storage, [26] slow and fast light [27] have been recently demonstrated. Crystalline WGM resonators with ultrahigh Q factors have been fabricated using precision mechanical polishing methods [28] . The material choices for such resonators include lithium niobate [28, 29] , barium borate [30, 31] , fluoride crystals [32] [33] [34] [35] , diamond [36] and so on. At this date, SBS has been reported in crystalline WGM resonators made of calcium fluoride [37] and barium fluoride [38] . Compared with other fluoride crystals, barium fluoride is an interesting scintillation crystal for high energy particle detection [39] . It also has a transparency further into the mid-infrared wavelength and an optimal anomalous dispersion profile [40] . The investigation of SBS in barium fluoride can thereby broaden potential applications in these fields.
In this article, we describe the development of WGM resonators based SBS technique. A rapidly scanning laser method is used to obtain the ringdown structure of the optical modes. The transmission spectrum shows a multimode structure of WGMs. We also show that the threshold power of SBS depends on the coupling gap between the resonator and the prism coupler. A 2.1 mW threshold power is reported in a centimeter scale barium fluoride resonator. Cascaded SBS with anti-Stokes is demonstrated.
Experimental setup
The WGM disk resonators used in this experiment were fabricated using a mechanical polishing method. The commercially available optical windows with diameter of 12 mm and thickness of 1 mm were used as raw preforms. The disk was first well centered and mounted on an air-bearing turning machine. Its rim where the optical WGM travels was then shaped into a "V" shape during the rough grinding process with large size abrasives (typically above 15 µm). The last step follows a fine optical polishing method with the size of diamond abrasives gradually down to sub-micrometer. The rim of the final disk has a sub-mm minor curvature and can feature a root mean square (rms) surface roughness in the range of few nanometers or even less [34] . Such an optically smooth surface is essentially required to support ultrahigh Q factor WGMs. Depending on the hardness of the material, the whole grinding and polishing procedure usually takes few hours. The major diameter of the final disk is slightly less than 12 mm. Crystalline resonators with Q factors above one billion have been fabricated from MgF 2 , CaF 2 and BaF 2 crystals using this technique.
The experimental setup to study WGMs and stimulated Brillouin scattering is illustrated in Figure 1 . The pump source is a Koheras continuous wave (CW) fiber laser at the wavelength of 1550 nm with the output power up to 200 mW. Its wavelength can be finely tuned through the high voltage piezo modulation input. A fiber polarization controller is used to optimize the coupling for different WGMs (TE or TM). The optical fiber circulator then extracts the feedback signal for detection through either a photodetector (PD2) or an ultrahigh resolution optical spectrum analyzer. Concerning the excitation of WGMs, the evanescent wave coupling method is adopted. We used an SF11 optical prism that has a higher refractive index for the coupling. The coupling part is put inside a clean chamber to avoid dust and air flow. The attenuated transmitted signal after the VOA is sent through a 3 dB fiber coupler. The split signals are then analyzed with an ultrahigh resolution optical spectrum and a photodetector, respectively. The inset shows a photo of a BaF 2 disk coupled by an optical prism.
High quality factors
An interesting property of WGM optical resonators is their ability of tightly confining light for long periods of time. Such ability strongly enhances the light-matter interaction without the use of a long optical fiber. Because the photon lifetime is proportional to its Q factor, a sufficiently high Q factor becomes essential for studying various nonlinear optical effects with a low power pump laser operated in the CW regime. Q factors above one billion have been previously realized in various transparent crystalline materials such as quartz, sapphire, calcium fluoride, magnesium fluoride, barium fluoride and strontium fluoride [32] [33] [34] [35] . The Q factor measurements include either linewidth measurement or ring down spectroscopy. The first method consists in obtaining the linewidth of a resonance δn, through Q ¼ n/δn where n is the resonance frequency. It thus requires a probe laser with its linewidth smaller than that of the resonance. Moreover, as nonlinear effects or thermal effects can easily distort the shape of a WGM resonance, the probe laser power should also be kept as small as possible. To estimate the intrinsic Q factor, the coupling is usually operated in the far under-coupled regime, which is accomplished by increasing the evanescent wave coupling gap between the coupler and the resonator. In this condition, the measured loaded Q factor is very close to the intrinsic one. The other method measures the photon life time τ of a resonance since Q ¼ 2pnτ through cavity ring down. In this way, the measurement will not be limited by the probe laser linewidth. In our experiment, we employ the second method to acquire the Q factor information of fluoride disks. Instead of using a fast shutter, a scanning ring down spectroscopy method is used here [41, 42] . Figure 2 (a) shows a typical transmission spectrum of a BaF 2 high-Q disk resonator coupled by an SF11 prism. The probe laser is swept across WGMs with a fast speed at 0.32 THz/s. Taking into account a free spectral range (FSR) of 5.5 GHz for this disk, the spanning range in Figure 2 (a) actually covers about 30% of FSR. The multimode structure of WGMs is clearly visualized in this transmission spectrum. The resonant peaks correspond to different WGMs in the radial and polar directions similar to those in silica microspheres. In general, the polar order modes can be selectively excited by controlling the relative vertical coupling position of the disk [43] . One also notices that many resonance peaks have their transmission larger than unity, a result due to the ring down phenomenon. In these resonances, the light stored in the high Q resonator reemits and interfere with the probe laser [41] . A zoom in on a typical ring down spectrum is shown in Figure 1(b) . A theoretical fit gives an intrinsic Q factor of 1.3 � 10 9 . 
Stimulated Brillouin scattering and its threshold
The observation of ultrahigh Q factors is essential for reducing the SBS threshold power. However, the double-resonance condition should also be fulfilled to realize a lasing effect based on the SBS gain, similar to rare earth lasers. To now, most of Brillouin lasers are based on fiber ring resonators, as they can easily have a FSR that is smaller than the SBS gain bandwidth to ensure the double-resonance condition. It is known that the SBS effect has a typical bandwidth of tens of MHz and a frequency shift of the order of few GHz. For example, calcium fluoride crystal has a measured SBS gain bandwidth of 12 MHz [44] . Therefore, it is very challenging to realize a crystalline Brillouin laser based on a single mode fiber ring structure. Nevertheless, the multimode structure of WGMs as shown in Figure 2 (a) can facilitate the realization of this condition. In a centimeter-scale WGM resonator, Brillouin lasing can be observed in several modes pumped by a mW level CW laser within one FSR [38] . Traditional threshold power measurements require a stable operation by locking the pump laser to the resonance wavelength. However, it has been demonstrated that the nonlinear thermal effect can enable a fast laser characterization and optimization technique in rare earth WGM microlasers [45] . We thus choose this technique for the Brillouin laser threshold power measurement. It should be mentioned that thermal effects in optical WGM resonators usually involve the thermo-optic effect, thermal expansion and Kerr effect. The thermal expansion of a centimeter-scale crystal is a relatively slow process, as it needs time for the heat to dissipate into the whole resonator. On the other hand, the Kerr effect is a very fast process but it requires a high pump power. As a result, we believe that the thermal distortion of WGM resonances during the threshold power measurement is dominated by the thermo-optic effect of the material. Considering that BaF 2 crystal has a negative thermo-optic coefficient, it is thereby expected to have a broadened resonance on the wavelength-decreasing side of the laser ramping for a BaF 2 WGM disk as shown in Figure 3 . The incident pump power at the input lens before the prism is 17.8 mW. As the pump laser wavelength is decreasing towards a WGM resonance, the coupled pump heats the crystal and causes a blue shift of the resonance, which is in the same direction of the laser scanning. The broadened resonance in turn assists the direct observation of the Brillouin laser.
In Figure 3 , the transmitted pump signal (upper curve) and the backward Brillouin signal (lower curve) are simultaneously monitored. The arrow marks the action of the Brillouin lasing. The corresponding absorbed pump power is also highlighted. Figure 3(a, b) is obtained with different coupling gaps between the prism and the resonator, which is controlled by a piezo actuator. One notices that a larger gap puts the coupling into under-coupling regime but results in a smaller Brillouin threshold power (from 4.5 mW to 2.1 mW). It is mainly due to the increased loaded Q factor in this regime. However, it should also be noted that the change of the coupling condition could also affect the spatial and spectral overlaps of the pump mode and the Brillouin lasing mode. In general, the threshold performance is affected by the combination of these effects. The inset in Figure 3(b) shows the feedback optical spectrum when the coupled pump power is slightly above the threshold. A new frequency component with a frequency red shift of 8.2 GHz is observed. The frequency shift is in a good agreement with the Brillouin frequency shift in BaF 2 . It is determined by the equation v B ¼ 2nv a /k with n being the refractive index, v a the speed of acoustic wave and k the wavelength of light wave, which is set by the phase matching condition of backward SBS. The pump signal in the backward direction could be due to the Rayleigh scattering in the resonator and some stray feedback in the coupling setup.
Cascaded stimulated Brillouin scattering
To further investigate the SBS phenomenon in BaF 2 , we locked the pump laser frequency to a WGM resonance via the Pound-Drever-Hall (PDH) laser locking method [46] and increased the incident laser power to around 80 mW. Figure 4(a, b) shows the optical spectra in the both forward and backward direction where multiple new frequency components occur. The ultrahigh Q factors and multiresonance conditions fulfilled in such a centimeter scale resonator lead to the realization of Cascaded SBS. Single SBS can also be realized with selected pumping when these conditions are not fulfilled for the Second Stokes [38] . It is worth noting that the 5th Stokes component is missing in the backward direction as shown in Figure 4(b) . Nevertheless, we still obtain the 6th Stokes in the corresponding forward direction in Figure 4(a) . Considering the fact that the double SBS shift could happen to coincide the triple FSR of 16.5 GHz, we believe that the 6th Stokes is a result of the four-wave mixing (FWM) process. Therefore, the anti-Stokes components could also come from FWM between the pump and the Stokes or between the Stokes.
Conclusions
In conclusion, we have investigated the stimulated Brillouin scattering phenomenon in whispering gallery mode disk resonators. We observe multimode structures in a centimeter scale resonator made of BaF 2 crystal. The ring down spectroscopy with a rapidly scanning laser reveals that different ultrahigh Q modes can exist within one FSR of the resonator. We also study the SBS threshold performance by using the nonlinear cavity thermal effect. We show that SBS action starts with a mW level coupled pump power. The threshold also depends strongly on the coupling condition. The increased loaded Q factor in the undercoupled regime can lead to a decreased threshold. Futhermore, we haved realized cascaded Brillouin scattering in such a resonator with up to the 6th Stokes (49 GHz frequency shift). Anti-Stokes components are also observed. This work shows that the WGM disk resonator platform can facilitate the investigation and harvesting of stimulated Brillouin scattering.
